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Active thermal management of compact microsystems by
periodic array of discrete liquid metal droplets is proposed an
referred to as “digitized heat transfer.” This is in contrast to con
vective heat transfer by a continuous liquid flow. Two method
of droplet actuation, electrowetting on dielectric and continuou
electrowetting, are described. Liquid metals or alloys suppo
significantly higher heat transfer rates than other fluids, such
water or air. In addition, electrowetting is an efficient method
of microscale fluid control, requiring low actuation voltages an
very little power consumption. These concepts are used in th
investigation to design an active management technique for hig
power-density electronic and integrated micro systems. Prelim
inary calculations indicate that this technique could potentiall
offer a viable cooling strategy for achieving some of the mos
important objectives of electronic cooling, i.e., minimization o
the maximum substrate temperature, reduction of the substr
temperature gradient and removing substrate hot spots. Num
ical simulation of a droplet in a microchannel is also investi
gated. We propose a technique for dynamically calculating th
slip velocity at the wall boundary including both the advancing
and receding contact lines. The technique is based on the o
served non-Newtonian behavior of a continuous liquid flow a
high shear rates and its associated slip velocity (Thompson a
Trioan 1997). While most of the wall boundary has negligible
slip, significant slip at the advancing and receding contact line
are calculated from the data itself.thor 1























Heat is an unavoidable byproduct of the normal operation of
an electronic device. Heat may be generated as a result of elec-
trical energy being converted to thermal energy during circuit
activities. Furthermore, a reduction in circuit delay and therefore
an increase in speed is often achieved by higher circuit pack-
aging density accompanied by increased power dissipation per
circuit. As a result of more demand for increased packaging den-
sity and performance, the requirements for heat flux removal are
increasing at a challenging rate. Excess heat can cause device
damage and increase signal noise by increasing the movement of
free electrons in a semiconductor device. To this end, cooling and
thermal management of electronic devices must be improved to
maintain the device junction temperature below a safe operating
level in order to satisfy performance and reliability objectives.
Failure in doing so can reduce device performance, reliability
and life. It is estimated that every 10◦C increase in junction tem-
perature can reduce the device life by a factor of 2. Furthermore,
concentrated areas of high heat flux, 2-3 times more than the av-
erage chip heat flux, can emerge during the operation of an elec-
tronic device. These areas, often referred to “hot spots,” require
special techniques for thermal management.
According to the Semiconductor Industry Association (SIA)
roadmap in 2001, the required cooling levels for many microsys-
tems are projected to reach 200 W in the near future. Tradition-
ally, heat is removed to the surrounding environment through
air-cooled heat sinks. Advantages of an air based system envi-
ronment are low cost and ease of implementation. However, aCopyright c© 2005 by ASME
e: http://www.asme.org/about-asme/terms-of-use
Downlosignificant decrease in thermal resistance and orders of ma
tude increase in heat removal could be achieved by using w
cooling instead of air. Such liquid heat sinks, often referred to
cold plates, operate very similarly to air cooled heat sinks.
Microchannels are one of the most effective techniques
thermal management of high heat fluxes found in microelectro
devices [1]. The potential for direct integration of microcha
nels inside the heat generating substrate is particularly attrac
as thermal contact resistance could be avoided. The conce
liquid cooling through microchannels was explored more th
two decades ago by Tuckerman and Pease [2]. They chemic
etched a 50µm ×300µm microchannel in a 1 cm× 1cm silicon
chip. They could remove heat at a rate of 790 Watts from the
icon chip by pumping water through the microchannels. At su
heat a removal rate they observed a 71◦C temperature difference
in the water.
Continuous flows in rigid, closed microchannels can be
efficient. Systems designed with steady flows in permane
formed channels often suffer from complex fabrication, comp
cated integration and control, and large amounts of wasted flu
These drawbacks may be reduced through “digitized heat tr
fer”: the use of discrete droplets instead of continuous flows
thermal management. The word “digitized” has been borrow
from the electrical engineering community, and is used in the
crofluidics community to describe the manipulation of discre
droplets [3]. When individual droplets are used, fixed volumes
liquid may be precisely manipulated on a fabricated grid of el
trodes; this reduces the required amount of fluid and increa
the degree of control, requiring lower actuation voltages and
power consumption.
For a complete review of the available techniques for th
mal management of electronic circuits, we refer the reade
[4,5,6] and the references therein.
The application of an electric field at a liquid-liquid o
liquid-solid interface causes changes in surface tension and
be used support droplet transport. In this manuscript we cons
the potential of electrowetting on dielectric and continuous el
trowetting for low power thermal management of compact m
croelectromechanical systems (MEMS) and electronic devic
Surface tension is a dominant force for liquid handling and
tuation at micro-scales, and electrowetting is used in this inv
tigation for pumping liquid metals over the hot spots on a ch
The integration of electrowetting microchannels inside electro
devices can significantly enhance the cooling capability of
device by eliminating contact resistance issues.
In electrowetting on dielectric (EWOD), a drop of conduc
ing fluid is placed in a channel lined with a thin layer of diele
tric material. When a voltage is applied across the channel a
droplet’s front, capacitive energy stored in the dielectric lay
modifies the solid-liquid interfacial tension, creating a forwa
force acting along the droplet’s front contact line. In continuo













































Figure 1. ELECTROWETTING ACTUATION IN A MICROCHANNEL KCL
DROPLET ON A BCB COATED MICROCHANNEL.
electrolyte solution. When an electric field is applied along the
channel, a voltage drop from the resistance of the surrounding
fluid modifies the capacitive energy stored in the electric double
layer (EDL) between the droplet and solution. The capacitive
energy is subtracted from the liquid-liquid surface tension, again
resulting in a net force for transporting the droplet.
This manuscript is organized as follows: In the following
section the physical concepts involved in electrowetting on di-
electric and continuous electrowetting are reviewed. In Section
3, electrowetting of discrete droplets of liquid alloys or metals is
proposed for effective heat removal from hot surfaces. Numer-
ical and analytical results are also presented in this section. A
technique for the treatment of contact line singularity is investi-
gated in section 4. Concluding remarks are provided in section
5.
1 ELECTROWETTING
Surface tension is a dominant force for liquid handling and
actuation in microscale. Microscale liquid handling and droplet
actuation by surface tension modulation has many advantages.
Several mechanisms have been proposed in the literature to con-
trol surface tension. These include: using surfactants, thermo-
capillary [7], electrowetting [8], electrowetting on dielectric [9]
(see Fig. 1), continuous electrowetting [10, 11] (see Fig. 2),
and light-induced surface tension change [12]. Fast switching re-
sponses and low power consumptions have made electrowetting
a promising technique in microfluidic devices. Droplet velocities
of several centimeters per second have been observed [13,14,15].
1.1 Electrowetting on Dielectric
In electrowetting on dielectric [16, 17, 18], a microchannel
is lined top and bottom with a thin layer of dielectric. When
the electrodes at the front of the droplet are charged, capacitive
energy is stored in the dielectric coatings. This energy reduces
the solid-liquid surface tension at the droplet’s front, resulting in2 Copyright c© 2005 by ASME
Use: http://www.asme.org/about-asme/terms-of-use
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surface tension gradient along the droplet. Sweeping the applie
voltage along the channel such that the front (but not rear) inte
face is always between two charged electrode has the effect
a constant pressure gradient along the droplet. This equivale




whereεlayer is the dielectric constant of the thin coating,V is the
applied voltage,d is the thickness of the coating,h is the height
of the channel, andL is the length of the droplet. This pressure
gradient, along with suitable assumptions for the velocity profile
and boundary conditions, may be substituted in the Navier Stoke







Other effects, such as energy stored in the EDL and the ele
trostatic force on the droplet’s front face, are negligible in the
regimeλD << d << h, whereλD is the thickness of the EDL.
If only the bottom wall is coated with dielectric, there is twice
as much net capacitive energy, and Eqn. (2) is increased by
factor or two. Note that the steady state velocity for a drople
actuated by EWOD is essentially independent of size, dependin
only on the droplet’s height-to-length ratio. This scaling is very
advantageous in microscale.
While the velocity of an EWOD-activated droplet has no
dependence on equilibrium contact angle, the effect of conta
angle hysteresis must be taken into account. This results in
threshold voltage, below which no movement is achieved. Thi













In continuous electrowetting, a droplet of liquid metal is sus-
pended in an electrolyte solution, as shown in Fig. 2. A differ-
ence in surface tension is again created between the front and re
of the droplet through the application of an electric field, this
time along the direction of flow. Resistance in the electrolytic
fluid creates a potential gradient in the electrolyte between th
front and rear of the droplet. This creates a difference in energ
stored in the EDL. The difference in surface energy between th
front and rear of the droplet is given by3

















Figure 2. CEW CONFIGURATION
δ = q∆φ. (5)
Here,δ is the difference in surface energy (energy per unit area)
between the droplet’s front and rear,q is the average charge per
unit area present on the droplet before a field is applied, and∆φ
is the difference in electric potential between the front and rear of
the droplet. This potential difference is due to the large resistance
of the thin layer of fluid between the droplet and wall. Substitut-
ing an equivalent pressure gradient into the Navier Stokes equa-







This matches the results of Jackelet al. [20], except for a factor
of 23 Jackel obtains by averaging over thez direction as well.
Velocities on the order of 10 cm/s are expected for a mercury
droplet withh/L = 0.2.
It should be noted that one could expect to transport liq-
uid droplets of most materials at low temperature through elec-
trowetting actuation. As a result, a potential application is cryo-
genic cooling, where droplets of cryogenic liquids at low temper-
atures are transported by electrowetting actuation. Some of the
common cryogenic liquids are Helium-3, Helium-4, Hydrogen,
Neon, Nitrogen, air, Argon, Oxygen, and Methane, which are all
in liquid forms at temperatures lower than at least 201◦C.
2 LIQUID METAL/ALLOY ELECTROWETTING FOR
THERMAL MANAGEMENT
A high performing electronic device requires a large heat
flux to maintain its optimal operation. The surface might have
hot spots that could cause system failure. To remedy this situa-
tion we propose to use low melting point alloys that are in liq-
uid form at room temperature. The schematics of our heat man-
agement device is shown in figure 3. One approach is to make
a small gap between the hot surface and a patterned electrode.


















Downlfrom a pool to hot spots on a chip. The electrowetting pum
ing process is low power and efficient, and requires low vo
ages [15]. Alloys liquid at room temperatures are easily availab
in the market now; e.g., Indium Corporation of America1. High
vapor pressure and high thermal conductivity have made liqu
metals attractive for high intensity cooling applications [21].
The main advantages of using liquid alloy systems ov
other liquids (such as water or oils; see [22]) are much high
thermal conductivity, making them ideal for heat removal, an
much higher surface tension, making them suitable for ele
trowetting transport. These characteristics suggest that liquid
loy electrowetting can achieve heat flux removal capabilities f
beyond many other alternative techniques. In particular, in t
following section we compare the heat removal capability of w
ter droplets with typical liquid metals and alloys. Furthermor
the system has no moving mechanical parts to leak, wear o
or stick. Therefore, no lubricants are required. By using di
crete droplets, in contrast to continuous liquid flow, any need f
valves and pumps are eliminated and all the basic fluidic op
ations can be achieved via digitized electrowetting. The curre
technique can be used foractive heat management of ICs and
compact microsystems to detect and properly handle an ov
heating event. This is in contrast to passive heat dissipat
mechanisms, such as heat sinks and fans that requires cont
ous coolant flow.
Many of the heat transfer advantages of using liquid meta
have been known and investigated for decades [21]. A major a
vantage of using liquid droplets is the ability to transport them b
electrowetting. Lee and Kim [11] demonstrated the continuo
electrowetting transport of mercury droplets in sulfuric acid at
cm/s using a 1-3 V driving voltage. The power consumption w
10-30µW at an average current of only 10µA.
Another advantage of digitized liquid alloy electrowetting
is in the the suppression capability for temperature oversho
during the dissipation of transient power spikes. In many app
cations, thermal transients last for only a short period. Cons
quently, no continuous operation is needed. In such cases d
tized droplets can be mobilized, if needed, to address local th
mal management demands. Furthermore, the latent heat of ph
change of such alloys can be exploited as a phase change the
energy storage [1]. Since the temperature of the alloy rema
more or less constant during melting, droplets of such alloys c
be used for thermal management of transient power spikes.
It should be noted that mercury, which is easily and effe
tively mobilized by electrowetting, is also an option. mercury
toxic, however, and is not recommended for general use in co
ing systems. On the other hand, liquid alloys have the same
vantages as mercury, but the metals in these alloys are not to
In addition, the vapor pressures of these alloys are substanti
lower than mercury’s. Physical properties of some liquid meta1 See< http://www.indium.com/products/fusiblealloys.php>
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and alloys are listed in Table 1.
Figure 3. LIQUID ALLOY ELECTROWETTING FOR COOLING OF ELECTRONIC
DEVICES.
3 HEAT TRANSFER ANALYSIS
In this section two simplified heat transfer analysis, one nu-
merical and one approximate analytical, are proposed to estimate
the heat transfer rate for a periodic array of droplets in a mi-
crochannel.
3.1 Numerical Model
In most cases it is expected that electrowetting flow in mi-
crochannels to be in laminar flow regime. This is mainly due to
low Reynolds number flow associated with flow in microchan-
nels. Correlations for the average Nusselt number in continuous
flow in microchannels in terms of Prandtl and Reynolds numbers
have been reported in the literature [23,1,24]. In general, signif-
icant variations have been observed in these correlations. Many
possible explanations for such deviations from classical theory
have been suggested. These include relative surface roughness of
the microchannels and the entrance effect. While for high Prandtl
number fluids extensive theoretical and experimental data are
available, low Prandtl number data are scarce. Accurate numer-
ical simulation of low Prandtl number flow with applications to
electrowetting cooling of electronic devices is the topic of a fu-
ture investigation.
In this section, a simplified comparison of laminar heat
transfer in micro pipes is offered in order to highlight signifi-
cant heat transfer enhancement by using liquid alloys or metals
as compared with water. In the case of electrowetting of liquid al-
loys, the flow could reach turbulent flow regimes. Turbulent heat
transfer is not reviewed here. However, one could expect a higher
heat removal capacity in the turbulent regime. Similar analysisCopyright c© 2005 by ASME
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DowTable 1. PHYSICAL PROPERTIES OF SOME LIQUID METALS AND ALLOYS.
Liquid metal Density Melting point Boiling point Thermal cond. Specific heat viscosity surface tension
or alloy ρ k C µ σ
kg/m3 ◦C ◦C W/mK J/kg/◦C kg/ms = N s/m2 N/m
Hg 13546 -39 356 8.4 140 0.15× 10−3 0.47
Ga 6093 29.98 1983 33.49 343.32 1.89× 10−3 0.735
water 1000 0 100 0.6 4184 0.86× 10−3 0.0717
NaK 860 -12.6 785 0.232 at◦C 949 0.522× 10−3 0.12
Bi-alloys ∼ 9500 47-271 8.4 15 197 – –
Indalloy 46L 6499 7.6 – – – – –
Indalloy 51 6499 10.7 – – – – –
Indalloy 60 6350 15.7 – – – – –











alfor continuous pumping of liquid metals at macro-scale channe
was presented in [21], where they used correlations from clas
cal heat transfer theory.
We will consider steady laminar flow in a two dimensiona
flow between two parallel plates. One of the walls represent t
hot surface of an electronic device. We assume that the flow
hydrodynamically developed while the flow can still be develop
ing thermally. We also assume that the range of variations in t
coolant temperature is small enough that constant fluid propert
can be assumed. Such a flow is the plane version of the therma
developing flow, often known as the Graetz problem [25].
We assume that the flow is hydrodynamically fully devel
oped when it enters the region of thermally developing flow a
0< x< L, see Fig. 4. We consider the two cases of constant w
temperature,Tw, and constant wall flux,qw. The coolant enters
the heated region at a uniform temperature ofTin.
Figure 4. THERMALLY DEVELOPING FLOW BETWEEN TWO PARALLEL
PLATES.5






























whereν is the kinematic viscosity andPr is the Prandtl number.





















where 2H is the gap between the plates andRe= U 2H/ν. Since
the velocity field is assumed fully developed, no radial velocity
component appears in this equation. This equation can be solved
numerically using the appropriate boundary and entrance condi-
tions. A finite difference method was employed to solve theseCopyright c© 2005 by ASME
 http://www.asme.org/about-asme/terms-of-use
Dowequations, with results shown in Fig. 5. We note that in the lo
Prandtl number flows the term∂2T/∂x2 in the energy equation
could be significant and a more complicated analysis is requir
However, in the first approximation these results are used to co
pare the heat transfer coefficients in both high and low Pran
number flows.
Figure 5. AVERAGE NUSSELT NUMBER IN THE THERMAL ENTRANCE RE-
GION OF A HYDRODYNAMICALLY DEVELOPED FLOW BETWEEN PARALLEL
PLATES.
The preceding analysis was for relatively high Prandtl num
ber fluids, such as water. While the Prandtl number for mo
liquid metals and alloys are outside this region, the result in F
5 can still be used as a general guide and an order of mag
tude estimate to compare heat removal capacity of liquid met
as compared with water. Using the values of thermal cond
tivity of water and various liquid alloys and metals (see Tab
1) one can observe that the heat transfer rate can be enha
by up to two orders of magnitude if water is replaced by liqu
alloys or metals. We point out that in the case of droplet mov
ment (as contrasted with the continuous flow) the heat trans
rate needs to be adjusted based the droplet length and dist
between droplets in the channel. Here, if the droplets are se
rated by a distance equal to their length, one can assume tha
heat transfer rate is reduced by a factor of two.
3.2 Simplified Analytic Model
Droplets of liquid metal actuated by electrowetting in m
crochannels are expected to have a very high degree of inte
mixing. This is due to internal circulation from drag at the wall6





















Figure 6. EVENLY SPACED LIQUID METAL/ALLOY DROPLETS IN A MI-
CROCHANNEL
high Reynolds numbers, and small length scales. As a first ap-
proximation for preliminary modeling, we assume internal mix-
ing is rapid enough that each discrete droplet can be considered
uniform in temperature. Under this assumption, the temperature
jumps from the wall temperature to a uniform liquid tempera-
ture. As a result other considerations are needed in order to de-
fine a Nusselt number. Heat flux and average fluid temperature,
however, may be derived as functions of axial position and heat
transfer coefficient.
We consider droplets of lengthl whose centers of mass are
separated by a distanceL in an infinitely long microchannel of
height 2H, as in Fig. 6. The droplets enter the heated region at
a uniform temperatureTin, and move at a constant velocityv as
estimated in section 1. The distance between droplets is related to
the fluid velocity byL = vτ, whereτ is the time between droplets
entering the channel. The channel walls are held at a constant
temperatureTwall , and the droplet velocity is denoted byTdroplet.
The rate of heat flux into the droplet is proportional to the
difference in temperature of the fluid and the wall:
q = hA(Twall−Tdroplet), (10)
whereq is the heat flux into the droplet andA is the area of the
droplet in contact with the channel,A = lw. The heat flowing





wherem= ρA2H is the mass of each droplet,c is the fluid’s heat







wherehA/mc= h/2ρH. This is a first order ordinary differential
equation for the temperature of an individual droplet as a func-
tion of time after entering the heated region, subject to the initial
conditionTdroplet(0) = Tin. The solution is readily given by
Tdroplet(t) = Twall +(Tin−Twall)e−
hA
mct . (13)
The rate of heat flux into the droplet is thus given by
q = hA(Twall−Tdroplet)e−
hA
mct . (14)Copyright c© 2005 by ASME
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Thus, the temperature of the droplet monotonically approache
the wall temperature as it advances along the channel, while th
heat flux into the droplet monotonically approaches zero.
The average fluid temperature at a given position along the
channel may be calculated by substituting in with the droplet’s
velocity





The total heat flux into all droplets in the channel may be given
by summing over all the droplets. On average, each droplet wil
be at a distancexi = iL, i = 0,1,2,3..., from the entrance. The









For an infinite number of droplets, Eqn. (19) is a geometric















For the case of constant heat flux, the temperature of each dropl
increases linearly with time and distance along the channel. Th
total heat flux is given by summing over all the droplets.
4 CONTACT LINE SINGULARITY TREATMENT
In numerical simulation of capillary flows, it is necessary to
know the contact angle as a boundary condition for determining
the meniscus shape and fluid dynamics of a droplet. This angl
is often a function of the speed of the contact line relative to the
solid surface. The viscous stresses shows a singular behavi
at the contact line [26]. To rectify these difficulties, numerous
boundary conditions that allow for finite slip at the solid surface
have been derived [27, 28, 29, 30, 31, 32]. Most of these model
use the well-known linear Navier boundary condition in which
∆V = Lsγ̇ and fail to provide a universal picture of the momentum
transport that occurs at liquid/solid surface. In this relationLs is
the slip length anḋγ is the local shear rate.
Thompson and Troian [33,34] studied the single phase flow
of a fluid under high shear rates in a Couette flow. They have con
ducted molecular dynamics simulations of Newtonian liquids at
various shear rates. They found that there is a critical shear ra
at which a seemingly Newtonian fluid in a Couette flow behave7










in a nonlinear fashion close to the wall. The degree of slip at
the boundary depends on a number of parameters including the
strength of the liquid-solid coupling, the thermal roughness of
the interface, and the commensurability of wall and liquid densi-
ties. Thompson and Troian proposed a more generalized univer-
sal slip boundary condition which is significantly nonlinear and
divergent at a critical shear rate,γ̇c as
Ls = L0s(1− γ̇/γ̇c)−1/2, (19)
whereL0s is the limiting value of slip length.γ̇ represents the
shear rate anḋγc is the critical shear rate.̇γc andL0s are parame-
ters that identify the liquid and the solid wall.
We propose to use the Navier boundary condition
∆V = Lsγ̇, (20)
with the slip length in equation (19) to treat the stress singular-
ity in spreading liquids, movement of droplets, and corner flows
as it naturally allows for varying degrees of slip on approach to
regions of higher shear stress and shear rate. Since a significant
stress is expected at the contact line, we expect significant slip at
such a point while the rest of the wall boundary is essentially at
no-slip condition.
4.1 Simulation and Discussion
To test the boundary condition given in equations (20) and
(19), simulations are performed for a water droplet moving in a
microchannel filled with air. A two-dimensional Navier-Stokes
solver, based on a projection method was designed to simulate
the droplet moving in a microchannel. The equations are solved
in both the liquid drop and the surrounding gas with the imple-
mentation of the volume-of-fluids (VOF) method. A piecewise
linear interface calculation (PLIC) method in [35] is used to track
the surface interface.
In the current simulation, the channel is 32µm long and 1µm
wide. Considering water at a temperatureT = 288K, the energy
scale in the Lennard-Jones potential is thenε = 2.62×10−21 J,
m= 2.99×10−26 kg, σ = 2.99×10−10 m. The critical shear rate
is then given in [33] aṡγc = 7.2×1010s−1. The limiting value
of the slip length is independent of the shear rate and is given
in [33] asL0s = 4.91×10−9.
Figure 7 shows the droplet movement in a microchannel un-
der a constant pressure gradient. At the initial time, the droplet
is given a square shape and located atx =−0.3. A fixed contact
angle ofθca = 60◦ is given at the four contact points, which are
the intersections of the solid surface and the interface between
the water and air. In Figure 8, the streamwise velocity along the
wall surface and also the normal distribution of streamwise ve-
locity in the middle of droplet are presented. It is observed that
the apparent slip of fluid along the solid surface happens at the
contact locations, where the slip velocity shows two sharp spikesCopyright c© 2005 by ASME
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Figure 7. WATER DROPLET MOVING IN A MICROCHANNEL.
at the advancing and receding contact line locations. As a resul
a clear slip velocity is observed at the contact lines while the rest
of the wall boundary is essentially at no-slip condition. These re-
sults indicate that the singularity problem can be avoided with the
implementation of nonlinear slip boundary condition proposed
above.
5 Conclusion
Increase in circuit density, clock speed, and packaging den-
sities in modern integrated circuits (ICs) have brought thermal
issues into the spotlight of high-speed IC designs. Local over-
heating in one spot of an IC can cause a system failure due
to resulting clock synchronization problems and parameter mis-
matches. Digitized electrowetting of liquid alloys and metals
is suggested for active thermal management of high power mi-
crosystems. Liquid metals or alloys support significantly higher
heat transfer rates than other fluids, such as water or air. Ou
initial analysis, while simplified and rough, suggest that signifi-
cant enhancement in heat transfer rate can be achieved by usin
liquid metals or alloys as compared with water. Electrowetting
is a low power, cost effective, and simple approach for active
control of hot spots or thermal management of transient over-
shoots in electronic devices. Numerical simulation of a droplet
in a microchannel is also investigated. We propose a technique
for dynamically calculating the slip velocity at the wall bound-
ary including both the advancing and receding contact lines. The
technique is based on the observed non-Newtonian behavior of
continuous liquid flow at high shear rates and its associated slip
velocity (Thompson and Trioan 1997). While most of the wall
boundary has negligible slip, significant slip at the advancing and
receding contact lines are calculated from the data itself.8
































Figure 8. SLIP VELOCITY AND THE VELOCITY PROFILE AT t = 7× 10−7. (a)
LEFT: SLIP VELOCITY DISTRIBUTION CALCULATED AT THE WALL SURFACE
DURING THE SIMULATION (b) STREAMWISE VELOCITY PROFILES IN THE MID-
DLE OF DROPLET.
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